Introduction {#s1}
============

Animals and humans generally prefer sugars containing glucose, such as sucrose, compared to non-nutritive sweeteners such as sucralose ([@bib29]; [@bib12]; [@bib7]; [@bib28]) as a result of the post-ingestive rewarding effect of sucrose ([@bib7]). This post-ingestive rewarding effect of sucrose was first described by showing that non-nutritive liquids that are paired to glucose administration either in the intra-gastric tract or in plasma, are greatly preferred over liquids that are not paired with nutrients ([@bib5]; [@bib24]; [@bib6]; [@bib21]; [@bib26]; [@bib11]; [@bib4]). In addition, sweet-blind *Trpm5* knockout mice can still sense the nutrient value of sucrose ([@bib5]). These studies have indicated that the nutrient value of sucrose is sensed and in turn establishes a preference for nutritive sugars ([@bib24]; [@bib6]; [@bib26]; [@bib11]). These data further indicate that the post-ingestive rewarding effect plays an important role in driving nutrient choice (in addition to sweet taste). However, despite the substantial evidence that they play a major, perhaps dominant, role in driving food intake and sweetener preference, the neural pathways that sense glucose and mediate the post-ingestive rewarding effect of sucrose have not been identified.

Rodent studies have further shown that sucrose but not artificial sweeteners such as sucralose can drive dopamine (DA) release in the midbrain even in the absence of taste ([@bib5]; [@bib24]; [@bib6]; [@bib21]; [@bib26]; [@bib11]; [@bib4]). The combination of sweet taste plus an increase of dopamine accounts for the preference for natural vs artificial sweeteners ([@bib7]). We previously reported that the artificial sweetener sucralose is preferred to sucrose only if supplemented by a proxy for this post-ingestive reward in the form of optogenetic activation of DA neurons ([@bib7]). However, the elements of the neural circuit that convey the post-ingestive rewarding effect of sucrose and activate DA neurons are unknown.

Melanin-concentrating hormone-expressing neurons (*Pmch* or, MCH neurons; in accordance with previous literature \[[@bib27]; [@bib1]; [@bib14]\], we adopt the later nomenclature throughout this report) in the lateral hypothalamus (LH) are glucose sensitive, and show increased activity when extracellular glucose levels increase ([@bib3]; [@bib14]). *Pmch* knockout and MCH neuronal ablation lead to reduced body weight, indicating a critical role of these neurons in the regulation of energy balance ([@bib27]; [@bib33]). In addition, MCH neurons send dense projections to reward centers in the striatum and midbrain where dopaminergic neurons are located (current report). This strong anatomical connection between MCH neurons and reward nuclei, as well as the fact that MCH neurons sense glucose levels, led us to hypothesize that these hypothalamic neurons could play a role in conveying the reward value of sucrose.

Results {#s2}
=======

We first tested whether optogenetic activation of MCH neurons could alter an animal's preference for sucrose vs sucralose using a BAC transgenic *Pmch*-CRE mouse line that we generated (see 'Materials and methods'). *Pmch*-CRE mice were crossed to the channelrhodopsin-2 (ChR2) reporter mouse line B6;129S-*Gt(ROSA)26Sortm32(CAG-COP4\*H134R/EYFP)Hze*/J ([@bib17]), herein abbreviated Rosa26-LSL-ChR2-YFP, to generate *Pmch*-ChR2 mice. We characterized *Pmch*-CRE mice and thus confirmed tissue- and cell-specific expression of ChR2-YFP in MCH neurons as shown ([Figure 1A](#fig1){ref-type="fig"}). The YFP signal was seen in the LH with the characteristic appearance of MCH neurons ([Figure 1A](#fig1){ref-type="fig"}), and there was a 92 ± 8% overlap of YFP and MCH. In addition, 97 ± 3% of MCH neurons expressed ChR2-YFP ([Figure 1B](#fig1){ref-type="fig"}). Whole-cell patch-clamp recordings in slice preparations confirmed light-evoked spiking at 5, 10, and 20 Hz ([Figure 1C](#fig1){ref-type="fig"}), as well as during continuous light pulses of one second ([Figure 1D](#fig1){ref-type="fig"}). The spike rate of MCH neurons was higher with light pulses of 20 Hz vs 5 Hz. Note, glucose has been shown to evoke similar high-frequency bursting of MCH neurons (see inset, [Figure 1D](#fig1){ref-type="fig"}) ([@bib3]). We also recorded voltage responses to consecutive pulses of continuous light in order to test the capacity of these cells to resist repeated trains of light stimulation ([Figure 1D](#fig1){ref-type="fig"}). Spike attenuation ([Figure 1D](#fig1){ref-type="fig"}, inset) during optogenetic stimulation was similar to what has been previously reported for glucose-triggered responses ([@bib3]; [@bib14]) in MCH neurons, and changes in membrane potential were resilient to optical stimulation ([Figure 1---figure supplement 1B](#fig1s1){ref-type="fig"}).10.7554/eLife.01462.003Figure 1.Optogenetic control of MCH neurons.(**A**) *Pmch*-CRE mice were mated to Rosa26-LSL-ChR2-YFP, and expression of ChR2-YFP (green---right panel) in MCH neurons (red---middle panel) in the LH are shown individually as well as in a merged panel (left panel); scale bar (Scale bar: 15 µm). (**B**) Quantification of co-expression of MCH and YFP shows that 97 ± 3% of MCH positive neurons expressed YFP and that 92 ± 8% of ChR2-YFP neurons expressed MCH (n = 1200 cells in four mice). (**C**) The effect of light stimulation on spike activity, evoked by light stimulation at 5 Hz, 10 Hz, and 20 Hz. (**D**) The response to 1 s continuous light stimulation, repeated 10 times. *Inset*, spike train in response to continuous light stimulation similar to what has been described for glucose-induced responses (see text for references and [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"} for quantification).**DOI:** [http://dx.doi.org/10.7554/eLife.01462.003](10.7554/eLife.01462.003)10.7554/eLife.01462.004Figure 1---figure supplement 1.Optogenetic activation of MCH neurons.(**A**) In voltage clamp mode, typical lightinduced ChR2 currents (n = 10, 1 ms pulse) and average amplitude of ChR2-induced inward currents. (**B**) Quantification of [Figure 1D](#fig1){ref-type="fig"}: left plot---continuous light stimulation generates a spiking rate of 20 ± 1.37 spikes/s (n = 20 light pulses). Right plot--Vm before, during and after continuous light stimulation shows that continuous light stimulation for 1 s depolarizes MCH neurons, which promptly recover to native membrane potential (Vm) upon termination of light pulses.**DOI:** [http://dx.doi.org/10.7554/eLife.01462.004](10.7554/eLife.01462.004)

We implanted optical fibers into the LH of *Pmch*-ChR2 and *Pmch*-CRE control mice (respectively, ChR2\[+\] and ChR2\[--\]) and assayed their preferences in a series of two-bottle choice tests ([Figure 2](#fig2){ref-type="fig"}, [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"} and 'Materials and methods'). After five licks at a designated sipper, laser pulses of 5 Hz, 20 Hz, were delivered for 1 s, followed by a refractory period of another second ('Materials and methods' and [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}). ChR2(+) and ChR2(--) mice had equal preference for water+laser vs water alone at all stimulation frequencies tested ([Figure 2A](#fig2){ref-type="fig"}). We next compared an animal's preference for sucrose vs sucralose plus optogenetic activation of MCH neurons (see 'Materials and methods' for the rationale of concentrations chosen). In the absence of ChR2 (gray bars in [Figure 2](#fig2){ref-type="fig"}) or at a low stimulation frequency of 5 Hz ([Figure 2A](#fig2){ref-type="fig"}), animals still preferred sucrose to sucralose. However, consistent with the greater effect of 20 Hz on spiking of MCH neurons in slice preparation, a light frequency of 20 Hz, as well as continuous light, inverted an animal's preference with a strong preference for sucralose plus MCH activation relative to sucrose ([Figure 2B](#fig2){ref-type="fig"}, [Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}). At 20 Hz, ChR2(--) mice ([Figure 2B](#fig2){ref-type="fig"}, middle panel, gray bars) displayed a preference ratio for sucrose of 82.2 ± 3%, whereas ChR2(+) mice had a sucrose preference ratio of 20.0 ± 4% ([Figure 2B](#fig2){ref-type="fig"}, middle panel, blue bars). This preference ratio for sucrose is significantly lower than isopreference (p\<0.0001 one sample T-test against 50%). Under continuous light, ChR2(--) mice displayed a preference ratio for sucrose of 76.7 ± 3% ([Figure 2B](#fig2){ref-type="fig"}, right panel, gray bars), whereas ChR2(+) mice displayed a preference ratio for sucrose of 26.8 ± 5% ([Figure 2B](#fig2){ref-type="fig"}, right panel, blue bars). This preference ratio for sucrose is significantly lower than isopreference (p\<0.0007 one sample T-test against 50%).10.7554/eLife.01462.005Figure 2.Optogenetic activation of MCH neurons inverts preference from sucrose to sucralose.(**A**) *Pmch*-ChR2 and *Pmch*-CRE control mice (respectively, ChR2\[+\] and ChR2\[−\]) were implanted with optical fibers ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}) and were given the choice between water paired to laser and water alone. Laser preference is defined as the ratio of the number of licks of the water bottle that was paired to laser 'ON' and the total number of licks of both bottles (×100). Light stimulation during ingestive behavior was set to 5 Hz, 20 Hz, and continuous ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"} for lick/laser contingency). Optogenetic stimulation of MCH neurons during water intake did not influence preference behavior at any of the light stimulation frequencies. (**B**) ChR2(--) and Chr2(+) mice were given the choice between sucralose coupled to laser and sucrose. Sucrose preference is defined as the ratio of the number of licks of the bottle containing sucrose and the total number of licks of both bottles (×100). Light stimulation during ingestion of sucralose was set to 5 Hz, 20 Hz, and continuous. 20 Hz and continuous light stimulation, but not 5 Hz, inverts preference from sucrose to sucralose (see 'Materials and methods' and [Figure 2---figure supplement 2](#fig2s2){ref-type="fig"} for total licks per bottle). All data are mean ± SEM and n = 4 mice. \*\*\*p\<0.0001, ns: p\>0.28, *t* test.**DOI:** [http://dx.doi.org/10.7554/eLife.01462.005](10.7554/eLife.01462.005)10.7554/eLife.01462.006Figure 2---figure supplement 1.Lick/laser contingency.(**A**) Schematic of optical fiber implant in LH of ChR2(−) and ChR2(+) mice. (**B**) The laser was turned ON for one second at every five consecutive licks on the same sipper, and OFF for the following 1 s. The laser was turned ON at three frequency regimens: either at 5 Hz, 20 Hz or continuously on. Lick/laser contingencies were the same for sucralose and water. Each vertical blue stroke in the blue raster represents the laser onset. Bottom schematic of magnified time lines (zoom in inset) of licks and laser are not draw to scale.**DOI:** [http://dx.doi.org/10.7554/eLife.01462.006](10.7554/eLife.01462.006)10.7554/eLife.01462.007Figure 2---figure supplement 2.Total licks in [Figure 2](#fig2){ref-type="fig"}.Licks on each bottle, averaged across mice. ChR2(−) and ChR2(+) mice gave a total number of licks, respectively. (**A**) 347 ± 61 and 432 ± 72 on the water+laser and 385 ± 78 and 382 ± 70 on the water. (**B**) 354 ± 71 and 382 ± 70 on the water+laser and 317 ± 69 and 333 ± 52 on the water. (**C**) 395 ± 72 and 334 ± 73 on the water+laser and 320 ± 53 and 326 ± 64 on the water. (**D**) 102 ± 31 and 182 ± 45 on sucralose+laser and 464 ± 92 and 588 ± 81 on sucrose (**E**) 107 ± 13 and 555 ± 87 on sucralose+laser and 494 ± 74 and 139 ± 33 on sucrose. (**F**) 141 ± 56 and 386 ± 68 on sucralose+laser and 463 ± 83 and 141 ± 56 on sucrose. All data are mean ± SEM, \*\*\*p\<0.0002, \*\*p\<0.005, \*p\<0.02, *t* tests.**DOI:** [http://dx.doi.org/10.7554/eLife.01462.007](10.7554/eLife.01462.007)

The post-ingestive rewarding effect of glucose is associated with an increase of DA release in the striatum ([@bib4]; [@bib5]; [@bib6]; [@bib24]), and we confirmed that MCH neurons densely innervate the striatum and the ventral midbrain, making synapses onto DA neurons ([Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}, 'Materials and methods'). We thus tested whether the inversion of preference to sucralose by activating MCH neurons was correlated with increases in striatal DA release as measured by microdialysis in ChR2(+) mice ([@bib5]; [@bib4]) ([Figure 3A](#fig3){ref-type="fig"}). After signal stabilization, samples were collected during a 30-min period when the animals had access to sucralose ([Figure 3A,B](#fig3){ref-type="fig"}). As previously reported, animals drinking sucralose (without light stimulation) displayed negligible changes in striatal DA levels ([Figure 3B](#fig3){ref-type="fig"}). Animals drinking sucralose when the laser was set to OFF displayed an overall 8.2 ± 2.6% change from baseline DA (average across all S1--S5 samples); this change was not significantly different from baseline (gray bars in [Figure 3E](#fig3){ref-type="fig"} p\>0.05, one sample T-test against 100% baseline). However, when sucralose ingestion was coupled to laser stimulation of MCH neurons, DA release significantly increased in the striatum (\*\*p\<0.008; [Figure 3C--G](#fig3){ref-type="fig"}, blue bars). When laser was set to ON during ingestion of sucralose, DA levels increased 68.7 ± 9% vs baseline DA (average across all S1--S5 samples, blue bars in [Figure 3E](#fig3){ref-type="fig"}). This increase is not only significantly different from baseline and the OFF condition, but is also significantly different from DA release after experimenter-controlled (i.e., direct) delivery of laser pulses, in the absence of sucralose ingestion (light blue bar in [Figure 2E](#fig2){ref-type="fig"}, \*\*\*\*p\<5.7e10^−7^, t-test, with Bonferroni correction for multiple comparisons). Each animal received the same number of pulses as the number of laser pulses during ingestion of sucralose in the ON condition ([Figure 3E](#fig3){ref-type="fig"}). Mice used in condition laser-ON were the same as in condition laser-OFF. Optogenetic activation of MCH neurons markedly increased sucralose ingestion during the laser ON condition (\*p\<0.05; [Figure 3F](#fig3){ref-type="fig"}) while activation of MCH neurons did not change intake of water ([Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}). As mentioned above, optogenetic stimulation of MCH neurons paired to water was not preferred to water alone, showing that activation of MCH neurons is not rewarding in the absence of sucralose. Thus, both MCH activation and the presence of sucralose were required to establish a change of preference.10.7554/eLife.01462.008Figure 3.Optogenetic activation of MCH neurons increases DA release during sucralose ingestion.(**A**) Schematics of microdialysis sampling of striatal DA release in behaving mice (left panel) after intracranial implants of optical fibers in the LH and microdialysis probe in the striatum (S). (**B**) A timeline of licking behavior and DA collection with corresponding HPLC-ECD chromatograms of DA release when a ChR2(+) mouse drank 1.5 mM sucralose with the laser OFF. (**C**) A timeline with the laser ON at 20 Hz. (**D**) A timeline of average of DA increases from baseline across mice. (**E**) Overall change from baseline DA averaging across all S1--S5 samples in (**D**) and in the absence of drinking behavior with the laser ON (lighter blue). Each animal received the same number of pulses as the number of laser pulses delivered during ingestion of sucralose in the ON condition. On average, 201 ± 40 pulses were delivered. (**F**) The cumulative licks during microdialysis in both conditions are shown (see [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"} for MCH projections to reward centers and [Figure 3---figure supplement 2](#fig3s2){ref-type="fig"} for requirement of DA transmission in sucrose/sucralose preference). All data are mean ± SEM and n = 4 mice, \*p\<0.05, \*\*p\<0.008, \*\*\*\*p\<5.7e10^−7^.**DOI:** [http://dx.doi.org/10.7554/eLife.01462.008](10.7554/eLife.01462.008)10.7554/eLife.01462.009Figure 3---figure supplement 1.MCH axonal projections onto DA neurons and reward areas.(**A**) GFP labeled axons that form synaptic-like boutons (white arrowheads) onto dopamine neurons. (**B**) Electron microscopy of gold enhanced detection of GFP in MCH neurons (black arrowheads) and silver-gold enhanced detection of TH-expressing neurons (grey arrow heads) of MCH-GFP transgenic mice, showing the existence of asymmetrical synapses between MCH and DA neurons, note the presence of dense core vesicles in MCHsilver-gold labeled boutons. (**C**) axonal projections of MCH-GFP neurons onto the dorsal striatum (DS). (**D**) axonal projections of MCH-GFP neurons onto the nucleus accumbens (Nac). (**E**) axonal projections of MCH-GFP neurons onto the substancia nigra (SN). (**F**) axonal projections of MCH-GFP neurons onto the ventral tegmental area (VTA).**DOI:** [http://dx.doi.org/10.7554/eLife.01462.009](10.7554/eLife.01462.009)10.7554/eLife.01462.010Figure 3---figure supplement 2.Preference for sucrose vs sucralose requires DA transmission.(**A**) Blocking dopamine transmission with haloperidol (hal) suppressed preference for sucrose versus sucralose. In 10 min, wild-type animals injected with hal (ip, 1 mg/kg) showed a preference ratio for sucrose of 51 ± 7%, whereas vehicle treated animals showed a preference ratio for sucrose of 79 ± 4%. (**B**) Licks on each bottle in (**A**) averaged across mice. Vehicle and haloperidol treated mice gave a total number of licks, respectively 272 ± 28, 104 ± 16 on sucrose and 72 ± 10, 100 ± 11 on sucralose. All data are mean ± SEM, n= 12 mice. \*\*\*p\<0.0022, \*\*\*\*p\<0.0001, NS = not significant, *t* test.**DOI:** [http://dx.doi.org/10.7554/eLife.01462.010](10.7554/eLife.01462.010)

We next tested whether a loss of MCH neurons decreased DA release during sucrose intake. We crossed *Pmch*-CRE mice to C57BL/6-*Gt(ROSA)26Sortm1(HBEGF)Awai*/J, ([@bib2]) herein abbreviated Rosa26-LSL-DTR, to generate *Pmch*-CRE;LSL-DTR mice that specifically express the diphtheria toxin receptor (DTR) in MCH neurons ([Figure 4](#fig4){ref-type="fig"}). We injected *Pmch*-CRE;LSL-DTR mice with diphtheria toxin (+DT) or vehicle (+veh) intracranially (1 ng/g of body weight). This dose led to a complete loss of MCH neurons ([Figure 4A](#fig4){ref-type="fig"}, see [Figure 4---figure supplement 1](#fig4s1){ref-type="fig"} for other doses). MCH-ablated (*Pmch*-CRE-LSL-DTR+DT) and control mice (*Pmch*-CRE-LSL-DTR+veh, and LSL-DTR+DT) were subjected to microdialysis sampling of striatal DA during sucrose ingestion ([Figure 4B](#fig4){ref-type="fig"}). Control mice drinking sucrose displayed significantly higher dopamine levels compared to MCH-ablated mice ([Figure 4C--F](#fig4){ref-type="fig"}; \*\*p\<0.008 ANOVA in [Figure 4E](#fig4){ref-type="fig"}). Control mice showed an overall 118.3 ± 0.3% increase in striatal DA levels while drinking sucrose (average across all S1--5 samples, [Figure 4F](#fig4){ref-type="fig"}, \*\*\*p\<1.98e10^−9^ T-test). The increase of DA levels was significantly above those at baseline (p\<0.0018, one sample T-test compared to 100% baseline). In contrast to animals without DT injection, MCH-ablated mice showed a negligible DA efflux during sucrose intake, and the levels after sucrose exposure did not differ from baseline levels (p\>0.4, one sample T-test compared to 100% baseline). Baseline DA levels were similar in both groups ([Figure 4](#fig4){ref-type="fig"}, [Figure 4---figure supplement 2A](#fig4s2){ref-type="fig"}). Consistent with a lower reward value of sucrose, when given free access to sucrose or water, MCH-ablated mice consumed significantly less sucrose than control mice ([Figure 4G](#fig4){ref-type="fig"}, \*p\<0.05 ANOVA), while water intake was equivalent between the groups ([Figure 4](#fig4){ref-type="fig"}, [Figure 4---figure supplement 2B](#fig4s2){ref-type="fig"}).10.7554/eLife.01462.011Figure 4.MCH neurons are required for DA release during sucrose ingestion.(**A**) *Pmch*-CRE;LSL-DTR mice were treated with 1 ng/g of DT. Complete ablation of MCH neurons by intracranial injection of diphtheria toxin is shown. (see [Figure 4---figure supplement 1](#fig4s1){ref-type="fig"} for other doses). (**B**) Schematics of microdialysis in behaving mice after intracranial implant of microdialysis probe in the striatum (S). (**C**) A timeline of licking behavior and DA collection, with corresponding HPLC-ECD chromatograms when a control mouse drank 0.4 M sucrose is shown. (**D**) A timeline similar to (**C**) when an MCH-ablated mouse drank sucrose (**E**) timeline of average DA increases from baseline across mice are shown. (**F**) For both genotypes, overall change from baseline DA averaging across all S1--S5 samples in (**E**) is shown. (**G**) Cumulative licks during microdialysis in both groups (see figure supplements for additional controls). All data are mean ± SEM and n = 4 mice. \*p\<0.05, \*\*p\<0.008, \*\*\*p\<1.98e10^−9^.**DOI:** [http://dx.doi.org/10.7554/eLife.01462.011](10.7554/eLife.01462.011)10.7554/eLife.01462.012Figure 4---figure supplement 1.Titration of intracranial dose of DT.Medium/high systemic doses (∼25 ng/g body weight or higher) of DT are thought to be toxic to wild type mice. We thus assessed whether low doses of DT administered intra-cranially were efficient at ablating MCH neurons, keeping mice viable, normal in size, and free of any gross physical or behavioral abnormalities. Animals were injected intra-crannially at coordinates AP = −1.5, ML = +/−1.6, DV = 5.5 ('Materials and methods'). PBS injected mice had 31 ± 2 neurons/section marked with MCH. At a dose of 0.5 ng per gram of animal, 3.6 ± 0.5/section neurons marked with MCH could be visualized under fluorescence microscopy. At a dose of 1 ng per gram of animal, 0.3 ± 0.18 neuron/section marked with MCH could be visualized under fluorescence microscopy. Statistically, this amount is not significantly different from zero (p\>0.05, One sample *t* test against zero). All data are mean ± SEM, n = 5 mice.**DOI:** [http://dx.doi.org/10.7554/eLife.01462.012](10.7554/eLife.01462.012)10.7554/eLife.01462.013Figure 4---figure supplement 2.MCH-ablated mice have normal baseline DA levels and are not adipsic.(**A**) Baseline DA concentration of ablated MCH-Cre; LSL-DTR+DT mice (0.34 ± 0.09pg/μl) were not significantly different from control MCH-Cre; LSLDTR+veh mice (0.25 ± 0.05pg/μl)(p\>0.22, *t* test), thus excluding chronic effects of MCH neuronal ablation on DA levels. (**B**) after 20--23 hr of water deprivation, ablated MCH-Cre; LSL-DTR+DT mice drank, for 1 hr, approximately as much water (782 ± 100 licks) as control MCH-Cre;LSL-DTR+veh mice (642 ± 101 licks) (difference is not statistically significant p\>0.29, *t* test, n = 4 mice). All data are mean ± SEM.**DOI:** [http://dx.doi.org/10.7554/eLife.01462.013](10.7554/eLife.01462.013)

MCH-ablated and control mice were also given a series of choices sequentially with studies of (**A**) sucrose vs sucralose, (**B**) sucrose vs water, (**C**) sucralose vs water ([Figure 5A--C](#fig5){ref-type="fig"}), and preference ratios for each comparison were computed. Preference ratios for sucrose in *Pmch*-CRE;LSL-DTR(+veh), LSL-DTR(+DT) and *Pmch*-CRE;LSL-DTR(+DT) mice were, respectively, 77.1 ± 7%, 82.0 ± 4%, and 39.9 ± 5%. While control mice preferred sucrose to sucralose, MCH-ablated mice no longer had a preference for sucrose. This reduction in sucrose preference is statistically significant ([Figure 5A](#fig5){ref-type="fig"}, \*p\<0.0012, ^¥^p\<0.009, T-test with Bonferroni correction for multiple comparisons, same-symbol pairs indicate statistically significant differences; see also [Figure 5---figure supplement 1](#fig5s1){ref-type="fig"} for total licks in each). However, MCH neuronal ablation did not alter an animal's preference for either sucrose or sucralose vs water indicating that, in contrast to their requirement for establishing the post-ingestive effect of sucrose, MCH neurons are not required for establishing a preference for sweet taste ([Figure 5B,C](#fig5){ref-type="fig"} and [Figure 5---figure supplement 1](#fig5s1){ref-type="fig"}). The postprandial increase in blood glucose after sucrose ingestion was normal in MCH-ablated animals ([Figure 5](#fig5){ref-type="fig"} and [Figure 5---figure supplement 2](#fig5s2){ref-type="fig"}), demonstrating that the changes in sucrose preference were not a result of any differences in blood glucose levels ([@bib14]). Altogether, these data indicate that activation of MCH neurons are necessary and sufficient for establishing the preference of animals for sucrose compared to artificial sweeteners.10.7554/eLife.01462.014Figure 5.MCH neurons are required for sucrose vs sucralose preference, even in the absence of taste.(**A**--**C**) Mice with ablated MCH neurons (red filled bars) and their respective controls (blue filled bars) were given the choice of (**A**) 0.4 M sucrose vs 1.5 mM sucralose (\*p\<0.03, ^¥^p\<0.011, see 'Materials and methods' for the rationale of concentrations). (**B**) Sucrose vs water. (**C**) Sucralose vs water. All mice preferred either sweetener---sucrose or sucralose---over water. (**D**) Sweet-blind *Trpm5*^−/−^ mice, with and without ablation of MCH neurons, were subject to a 4-day bottle-conditioning protocol, in which sucrose and sucralose were presented in opposing bottles, on alternate days. Bottle preference was tested on the fifth day with two bottles filled with water. Sweet-blind control mice showed a significant side bias towards the bottle where sucrose was placed during the conditioning sessions whereas MCH-ablated mice did not (\*p\<0.045, ^¥^p\<0.099, see [Figure 5---figure supplement 1](#fig5s1){ref-type="fig"} for total licks in each bottle, [Figure 5---figure supplement 2](#fig5s2){ref-type="fig"} for blood glucose controls, and 'Materials and Methods' for details). All data are mean ± SEM and n = 8 mice, *t* test with Bonferroni correction for multiple comparisons.**DOI:** [http://dx.doi.org/10.7554/eLife.01462.014](10.7554/eLife.01462.014)10.7554/eLife.01462.015Figure 5---figure supplement 1.Total licks per bottle in MCH-ablated and control mice.Licks on each bottle, averaged across mice, panels follow the same order as in main figure. LSL-DTR+DT and MCH-Cre; LSL-DTR+veh control mice and MCH-Cre; LSL-DTR+DT ablated mice give a total number of licks, respectively. (**A**) 287 ± 31, 336 ± 11, 99 ± 14 on sucrose and 63 ± 7, 100 ± 11, 149 ± 19 on sucralose. (**B**) 308 ± 43, 301 ± 33, 310 ± 34 on sucrose and 150 ± 17, 80 ± 9, 73 ± 8 on water. (**C**) 316 ± 34, 288 ± 31, 320 ± 35, on sucralose and 69 ± 8, 59 ± 6, 106 ± 12 on water (d) *Trpm5*^−/−^ LSL-DTR+DT and *Trpm5*^−/−^ MCH-Cre; LSL-DTR+veh control mice and *Trpm5*^−/−^ MCH-Cre; LSL-DTR+DT ablated mice give a total number of licks, respectively 267 ± 29, 248 ± 27, 99 ± 11 on the sucrose-conditioned side and 114 ± 12, 65 ± 7, 97 ± 10 on the sucralose control side. All data is mean ± SEM, \*\*\*\*p\<0.0001, \*\*\*p\<0.005, NS = not significant---p\>0.05. *t* test.**DOI:** [http://dx.doi.org/10.7554/eLife.01462.015](10.7554/eLife.01462.015)10.7554/eLife.01462.016Figure 5---figure supplement 2.Ablation of MCH neurons affects neither peak blood glucose after IP challenge, nor acute postprandial blood glucose.(**A**) Blood glucose (BG) was measured 10 min before and after an IP bolus injection of glucose (10%, 'Materials and methods'). The BG of MCH-Cre; LSL-DTR+DT MCH-ablated mice and control MCH-Cre;-LSL-DTR+veh before injection was, respectively, 122 ± 11 mg/dl and 151 ± 16 mg/dl. After injection, BG raises, respectively to 325 ± 28 mg/dl and 355 ± 34 mg/dl. The raise in BG was statistically significant before/after injection (\*p\<0.05, student *t* test, n = 4), but not across control and ablated groups of mice (\*p\>0.05, student *t* test, n = 4). (**B**) BG levels were measured ten minutes before and at the end of a behavioral trial in which mice drank 0.4 M sucrose for 10 min. The BG of MCH-Cre;-LSL-DTR+DT mice and control MCH-Cre;-LSL-DTR+veh before drinking was, respectively, 121.82 ± 11 mg/dl and 138 ± 12 mg/dl. After drinking, BG raised, respectively to 254 ± 20 mg/dl and 295 ± 55 mg/dl. The raise in BG was statistically significant before/after drinking (\*p\<0.05, student *t* test, n = 4), but not across control and ablated groups of mice (p\>0.05, student *t* test, n = 4). (**C**) MCH-Cre;-LSL-DTR+DT MCH-ablated mice and control MCH-Cre;-LSL-DTR+veh drank comparable amounts of sucrose solution during the behavioral trial in panel (**B**), respectively, 336 ± 132 and 351 ± 121 licks (n = 4).**DOI:** [http://dx.doi.org/10.7554/eLife.01462.016](10.7554/eLife.01462.016)10.7554/eLife.01462.017Figure 5---figure supplement 3.Ablation of MCH neurons affects postingestive DA neuron activation.(**B**--**C**) Confocal imaging of cFos staining of in Th positive neurons in the VTA of one control *Trpm5*^−/−^;MCHCRE; Rosa26-Flox-DTR+veh mouse after drinking sucrose (350 licks). (**D**--**F**) Confocal imaging of cFos staining in Th positive neurons in the VTA of one ablated *Trpm5*^−/−^;MCHCRE; Rosa26-Flox-DTR+dt mouse after drinking 0.4 M sucrose (364 licks). (**G**) Quantification across groups (n = 4) revealed that the level of cFos expression in DA neurons after exposure to sucrose is significantly lower in sweet blind *Trpm5*^−/−^ animals in which MCH neurons have been ablated vs controls. *Trpm5*^−/−^;MCHCRE; Rosa26-Flox-DTR+dt, show cFos expression in 20.3 ± 3.7% of DA neurons after sucrose intake vs. 36.0 ± 2.5% in control *Trpm5*^−/−^;MCH-CRE;Rosa26-Flox-DTR+veh (p\*\< 0.004, *t* test). Ablated and control group drank, respectively, 356 ± 102 and 341 ± 111 licks of 0.4 M sucrose (n = 4). (**H**) Ablation of MCH neurons does not impact activation in THnegative cells. Quantification of c-Fos in nondopaminergic cells of the same slices as in (g). *Trpm5*^−/−^;MCH-CRE;Rosa26-Flox-DTR+veh and *Trpm5*^−/−^;MCH-CRE;Rosa26-Flox-DTR+dt have respectively, 16.0 ± 4% and 14.1 ± 3.5% of cFos positive neurons that are TH negative.**DOI:** [http://dx.doi.org/10.7554/eLife.01462.017](10.7554/eLife.01462.017)

Finally, to confirm that MCH neurons are required for the post-ingestive rewarding effect of sugar even in the absence of sweet taste, we tested whether sucrose could condition preference in sweet-blind *Trpm5*^**--/--**^ mice lacking MCH neurons ([Figure 5D](#fig5){ref-type="fig"}, [@bib5]). Sweet-blind control mice showed a significant side bias towards the side where sucrose was placed during the conditioning sessions, in which sucrose or sucralose are delivered at opposite sides on alternate days, ([Figure 5D](#fig5){ref-type="fig"}). In contrast, sweet-blind MCH-ablated mice did not show a preference in this conditioning protocol, indicating that the post-ingestive rewarding effect of sucrose had been lost. *Trpm5*^--/--^ *Pmch*-CRE;LSL-DTR+veh and *Trpm5*^--/--^LSL-DTR+DT control mice showed conditioned side preferences of 70 ± 3% and 79 ± 5% respectively, towards the side where sucrose was placed. *Trpm5*^--/--^ *Pmch*-CRE;-LSL-DTR(+DT) mice had 50 ± 7% conditioned side preference towards the side where sucrose was placed. This reduction in sucrose conditioning was statistically significant from that of controls ([Figure 5D](#fig5){ref-type="fig"}, \*p\<0.045, ^¥^p\<0.099, T-test with Bonferroni correction for multiple comparisons, same-symbol pairs indicate statistically significant differences). Finally, the behavioral conditioning by the post-ingestive rewarding effect of sucrose in sweet-blind *Trpm5*^--/--^ mice positively correlates with the extent of DA neuron activation, as assayed by staining for cFos in DA neurons in the ventral tegmental area (VTA) ([Figure 5](#fig5){ref-type="fig"}, [Figure 5---figure supplement 2](#fig5s2){ref-type="fig"}). These data confirm that MCH neurons are required for sensing the nutrient value of sucrose in the absence of taste.

Discussion {#s3}
==========

In this manuscript, we report that MCH neurons are necessary and sufficient for establishing a preference for sucrose vs sucralose, an artificial sweetener. MCH neurons serve as an essential link between glucose sensing and sugar reward, and these data thus identify a key component of the neural circuit that establishes the preference for natural vs artificial sweeteners ([@bib29]; [@bib12]; [@bib7]; [@bib28]).

MCH neurons have previously been shown to be excited by glucose ([@bib3]; [@bib14]), suggesting that direct glucose sensing by these neurons regulates reward. However, it is also possible that glucose is sensed elsewhere, such as by putative gastric/intestinal sensors or other nutrient sensors, which inform the brain and MCH neurons about the nutrient content of ingested food ([@bib26]). Glucose sensing in MCH neurons or elsewhere would explain why, even in the absence of taste (such as in *Trpm5*^--/--^ mice), sucrose is able to drive significant increase of striatal DA. This increase, in turn, conveys reward and conditions behavior ([@bib5]). We note, however, that optogenetic stimulation of MCH neurons alone is not sufficient to alter behavior in the absence of taste. The data thus suggest that MCH neurons are components of a reward-encoding network that integrates information from multiple sources, including the nutrients themselves, lingual taste buds and, possibly, other sites of glucose sensing like the gut. Consistent with this possibility, viral tracing from lingual taste buds shows that MCH neurons are part of a circuit processing gustatory information ([@bib22]). This finding is also consistent with the optogenetic data reported here, showing a requirement for both sweet taste and activation of MCH neurons to drive reward. The role of MCH neurons uncovered here contrasts with that of DA neurons, which upon optogenetic stimulation have been shown to be rewarding when paired to water ([@bib7]).

A synergy between taste and the post-ingestive rewarding effect would explain why sucrose and other fructose/glucose disaccharides, which are more potent stimulators of sweet-taste receptors than glucose alone, are generally preferred to glucose alone ([@bib25]; [@bib18]). This synergy would also explain why our optogenetic gain of function experiments lead to an inversion of preference, rather than an isopreference, which could perhaps have been achieved by decreasing the concentration of sucralose. Likewise, the loss of function of MCH neurons leads to isopreference, but this could perhaps be biased toward sucralose by increasing its concentration. Further studies will be necessary to establish the relevant sites of glucose sensing, identify additional elements of the neural circuit integrating gustatory perception with nutrient sensing and reward, as well as elucidating the neural mechanisms by which MCH neurons regulate striatal DA release. Several methods including viral tracing can be used to identify monosynaptic or polysynaptic inputs onto MCH and DA neurons.

As mentioned, the activity of MCH neurons is increased by glucose ([@bib3]). Glucose-activated MCH neurons and pancreatic β cells share signal transduction components necessary for glucose sensing, and both Kir6.2 and UCP2 regulate glucose excitability of MCH neurons ([@bib14]). Moreover, a loss of function of Kir6.1 in MCH neurons leads to alterations in results of a glucose tolerance test with increased plasma glucose at later times, establishing a role for these neurons in glucose homeostasis ([@bib14]). Further studies are required to establish whether these or other components of glucose sensing pathways are also required for the ability of MCH neurons to influence sucrose preference. It is possible, however, that additional neural populations are components of this nutrient sensing circuit. For example, orexin/hypocretin-containing neurons can also sense glucose and it is thus possible that these or other neural populations in the mesolimbic system, or higher order centers can also influence the reward value of sugar ([@bib3]; [@bib13]).

Previous reports have also explored the relationship between MCH neurons and reward: both MCH knockout and MCH ablated mice show augmented locomotor responses to psychostimulant drugs ([@bib23]; [@bib33]). These augmented locomotor phenotypes contrast with the behavioral effect we see with a loss of sucrose preference in MCH ablated mice. It is possible that the locomotor phenotypes in response to stimulants result from actions in the ventral striatum, where the MCH receptor (MCHR-1) is expressed, and that sucrose preference relies on other brain areas. Further experiments will be required to ascertain which brain areas and MCH projections are relevant for sucrose preference. Loss of function of MCHR-1 recreates the locomotor phenotypes seen in *Pmch*^−/−^ mice: *Mchr1*^−/−^ mice are super-sensitive to the locomotor activating effects of d-amphetamine ([@bib30]). These studies do not establish whether it is MCH or another neurotransmitter expressed in these neurons that is responsible for the observed phenotypes, and further experiments will also be required to ascertain whether the MCH neuropeptide itself is relevant for sucrose preference.

We assayed dopamine release using microdialysis to show that MCH neural activation increases dopamine release in the striatum and that the increase of dopamine in response to sucrose is lost after ablation of MCH neurons. Consistent with this, the levels of cFos in dopaminergic neurons of the VTA are reduced in MCH-ablated, sweet-blind *Trpm5* KO mice given sucrose. These assays of taste-blind mice confirm that MCH neurons regulate the activity of dopaminergic neurons, though the data do not establish whether this effect of dopaminergic neural activity and dopamine release is direct and/or indirect. Further studies will be necessary to establish how MCH neurons regulate dopaminergic signaling. The delineation of this neural circuit may also provide a basis for understanding how leptin modulates reward ([@bib7]). The effects of leptin on reward are unlikely to be a result of a direct effect on MCH neurons as they do not appear to express the leptin receptor ([@bib16]). However, a distinct neural population in the LH expressing neurotensin respond to leptin, and further studies may reveal whether or not leptin reduces MCH activity indirectly by activating these cells ([@bib16]). Ablation of MCH neurons attenuates the obese phenotype of leptin deficient ob/ob mice indicating that MCH neurons are downstream of leptin action ([@bib1]).

Ablation of MCH neurons causes hypophagia and leanness, and it is possible that the reduced food intake is a result of a loss of the reward value of nutrient in these animals ([@bib1]). The reward value of sugar is also regulated by leptin, which has been recently reported to have a presynaptic action to suppress excitatory synaptic input onto VTA DA neurons ([@bib7]; [@bib32]). Further studies will reveal whether leptin modulates excitatory output to the VTA via MCH neurons or influences nutrient preference by a direct effect on DA neurons in the VTA. The importance of brain nutrient sensing for behavior has also been studied in Drosophila ([@bib9], [@bib10]; [@bib19], [@bib20]). Future studies will likely elucidate the extent to which the cellular mechanisms and neural pathways that regulate nutrient preference are shared between invertebrates and mammals. Brain nutrient sensing may represent an evolutionary adaptation to avoid starvation, by expediting decisions about which foods to consume.

In summary, these results confirm that MCH neurons are both necessary and sufficient for sensing the nutrient value of sucrose and suggest that these neurons play a critical role in establishing nutrient preference. The market share of sugared soda is nearly triple that of diet soda ([@bib29]; [@bib12]; [@bib28]), and our data suggest a biological approach to potentially regulate sugar consumption. This could be achieved via the development of means for suppressing the activity MCH neurons, or via the development of new artificial sweeteners with neuroexcitatory activity specific to MCH neurons.

Materials and methods {#s4}
=====================

*Pmch*-CRE transgenic mice {#s4-1}
--------------------------

In order to restrict Cre expression to MCH neurons we used a BAC clone containing the full-length pro-melanin-concentrating hormone gene (RP23--129A21) with upstream and downstream flanking sequences of 108 kb and 89 kb, respectively. Prior to further manipulation, BAC DNA was prepared and electroporated into *E.coli* strain SW102 as required for BAC recombineering. An NLS-Cre PolyA construct (pML78, Mark Lewandowski, National Cancer Institute) was targeted to replace the ATG translational start codon of MCH exon 1 and correct insertion was verified by PCR and sequencing. 5′ recombineering homology: TGAAAGTTTTCATCCAATGCACTCTTGTTTGGCTTTATGCAAGCATCAAA 3′ recombineering homology: CTGCAGAAAGATCCGTTGTCGCCCCTTCTCTGGAACAATACAAAAACGAC. All DNA fragments used for recombineering were generated with the FastStart High Fidelity PCR System (Roche, Indianapolis, IN). The modified BAC insert was released by NotI digestion, gel purified and used for pronuclear injection. Rosa26-LSL-ChR2-YFP and Rosa26-LSL-DTR were obtained from Jackson Laboratories. All animal procedures were carried out in accordance with the National Institutes of Health Guidelines on the Care and Use of Animals and approved by the Rockefeller University Institutional Animal Care and Use Committee (Protocols \#13608, \#10005 and \#09012), JB Pierce Institutional Animal Care and Use Committee, (Protocol \#101) and Yale University Institutional Animal Care and Use Committee (Protocol \#2011-07942).

Immunohistochemistry {#s4-2}
--------------------

Immunohistochemistry was performed as published elsewhere ([@bib7], [@bib22]), using chicken anti-GFP (1:1000; Abcam, Cambridge, MA), rabbit anti-MCH (1:1000; Abcam), c-Fos (1:100; Abcam).

Electrophysiology {#s4-3}
-----------------

30 to 50-day old MCH-ChR2-YFP mice were used for recordings. Mice were euthanized at the beginning of the light cycle (9:00 AM), and brain slices containing the LH were cut at 300 μm (2/mouse). Slices were transferred to a chamber at room temperature to stabilize in artificial cerebrospinal fluid (aCSF). Slices were then transferred to a recording chamber after ≥1 hr recovery and constantly perfused at 34°C with bath solution at a speed of 1.5 ml/min. Whole cell patch-clamp recording was performed on identified MCH-YFP neurons with a Multiclamp 700B amplifier (Axon Instruments, New York, NY). The patch pipettes were made of borosilicate glass (Sutter Instruments, Novato, CA) with a Sutter pipette puller (P-97). The tip resistance of the recording pipettes was 2--3 MΩ after being filled with a pipette solution containing (in mM): K-gluconate 125, MgCl2 2, HEPES 10, EGTA 0.2, Mg-ATP 4, Na2- phosphocreatin 10, and Na2-GTP 0.5, pH 7.3 with KOH. The composition of the bath solution was as follows (in mM): NaCl 124, KCl 3, CaCl2 2, MgCl2 2, NaH2PO4 1.23, glucose 2.5, sucrose 7.5, and NaHCO3 26. After a gigaohm seal and whole-cell access were achieved, membrane potential and action potentials were recorded under current clamp at 0 pA. ChR2 currents were recorded under voltage clamp mode. Light stimulation (470 nm, LED)(CoolLED pE-100, UK) was performed in the following configurations: 5, 10, 20 Hz (1 ms pulses, 20 pulses total); 10 x 1 s (1 s pulse light ON, 1 s light OFF). All data were sampled at 3--10 kHz and filtered at 1--3 kHz with an Apple Macintosh computer using Axograph X (Axograph X, Berkeley, CA).

Behavioral and optogenetic setup {#s4-4}
--------------------------------

MedAssociates chambers (MedAssociates, St. Albans, VT) were equipped with two contact lickometers and a laser source (solid state Crystal laser, 473 nm wavelength) controlled by MedPC via a TT impulse to be triggered upon lick detection ([@bib7]). The laser turns on every five consecutive licks on the same bottle ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}).

Animals were acclimated to the chambers until side preference for either bottle was even. During the acclimation and exposure periods mice were water deprived for 16--23 hr and were given water through the bottles inside the chamber for half an hour. In addition, stimuli in 10 min two-bottle tests were side balanced across the same genoptype group, being received either through the left bottle or through the right bottle. Two-bottle preference was calculated as the ratio: preference for 1 = number of licks on bottle 1/(number of licks on bottle 1+number of licks on bottle 2) and expressed as percentage values, with 50% representing the indifference ratio (referred to as isopreference in the 'Results' section). Behavioral data was analyzed with Excel and Prism, and expressed as mean ± SEM. Significance tests comparing groups were ANOVAs or *t* tests and, when appropriate, followed by Bonferroni corrections for multiple comparisons. Two-bottle tests without laser stimulation were carried out in the same setup, with the laser turned off. The size of each animal group is represented by 'n', and each animal was tested three times. The investigator was blind to the genotype. In all cases, concentration of sucrose was 0.4M and concentration of sucralose was 1.5 mM. These concentrations were based on previous literature (consult supplementary figure-4 in [@bib7]). Briefly, the differences in molarity of sucrose and sucralose reflect differences in ligand-binding affinity of either sweetener to taste receptors, and were chosen among the plateau values of behavioral dose-response curves (preference for either sweetener versus water in [@bib7]). Volume dispensed by the lickometers averages 2 μl/lick ([@bib7]). Locations of optical probes were confirmed histologically (data not shown). For each light stimulation regimen in [Figure 2](#fig2){ref-type="fig"}, mice in top and bottom panels are the same. After animals were corrected for any spontaneous side bias, and prior to the 10-min testing data in [Figure 2](#fig2){ref-type="fig"}, animals had a 10-min pre-exposure to either one of the two stimuli in two consecutive days. The pre-exposure procedure is intended to avoid novelty-related artifacts. On day one animals had exposure to water, followed by water+laser the day after. On the third day animals were tested for water vs water+laser for 10 min. On the fourth day, animals had exposure to sucrose, followed by sucralose+laser the day after. On the sixth day animals were tested for sucrose vs sucralose+laser for 10 min.

Microdialysis during ingestive behavior {#s4-5}
---------------------------------------

During the experimental sessions microdialysate samples from the freely-moving mice were collected, separated and quantified by high-pressure liquid chromatography coupled to electro-chemical detection methods ('HPLC-ECD'). Briefly, after recovery from surgery and behavioral habituation, a microdialysis probe (2 mm CMA-7, cut off 6 kDa, CMA Microdialysis, Stockholm, Sweden) was inserted into the striatum through the guide cannula (the corresponding CMA-7 model). After insertion, probes were connected to a syringe pump and perfused at 1.2 μl/min with artificial CSF (Harvard Apparatus). After a 90 min washout period, dialysate samples were collected every 6 min and immediately manually injected into a HTEC-500 HPLC unit (Eicom, Japan). Analytes were then separated via an affinity column (PP-ODS, Eicom), and compounds subjected to redox reactions within an electro-chemical detection unit (amperometric DC mode, applied potential range from 0 to ∼2000 mV, 1 mV steps). Resulting chromatograms were analyzed using the software EPC-300 (Eicom, Japan), and actual sample concentrations were computed based on peak areas obtained from 0.5 pg/μl dopamine standards (Sigma) and expressed as % changes with respect to the mean dopamine concentration associated with baseline (i.e., behavioral task) samples. Animals were water deprived for 16--23 hr, and rested in their home cages for baseline sample collection until values were stable. Chromatograms shown in [Figures 3 and 4](#fig3 fig4){ref-type="fig"} are time-gated to the DA peak at 1.7 min. S0 denotes the pre-ingestion sample, and refers to the sample in which the animal was placed inside the behavioral box. Locations of microdialysis probes were confirmed histologically.

Electron microscopy of MCH synapses onto DA neurons {#s4-6}
---------------------------------------------------

The pre-embedding dual-labeling protocol of anti-GFP and anti-TH used in this study was adapted from [@bib15]. Briefly, vibratome sections were placed in 0.1% sodium borohydride and 0.1% glycine in 0.1 M phosphate buffer to remove excess aldehydes. Sections were incubated in a cryoprotectant solution (25% sucrose and 2.5% glycol in 0.05 M phosphate buffer), then immersed successively in liquid Freon and liquid nitrogen to freeze, and thawed at room temperature in 0.1 M phosphate buffer to enhance penetration of immunoreagents. Sections were incubated in 2% bovine serum albumin (BSA) in PBS to block non-specific labeling and then incubated for 42 hr at 4°C in a primary antibody solution containing both rabbit anti-TH (P40101; 1:1000; Pel-Freez) and mouse anti-GFP (1:1000; Millipore mab3580) antibody in 0.1% BSA in PBS. Detection of GFP was done first. Sections were incubated for 2 hr in biotinylated horse anti-mouse IgG (1:1000) and the immunoperoxidase--DAB procedure was applied using avidin-biotin complex (Vectastain Elite ABC kit from Vector Laboratories), followed by diaminobenzidine and urea tablets (Sigma) for 10 min. The DAB reaction product was then silver-gold enhanced for 15 min using the Teclemariam method ([@bib31]). After fixation in 0.5% glutaraldehyde, the detection for TH began: the sections were incubated for 2 hr in biotinylated horse anti-rabbit IgG (1:1000) and followed by the same steps used for GFP except, no silver enhancement was used. After post-fixation in 1% osmium tetroxide/1% Potassium ferrocyanide in 0.1 M cacodylate buffer (pH 7.4) for 1 hr at 4°C, the sections were dehydrated in a graded ethanol series, propylene oxide and embedded in Eponate (Ted Pella, INC). Blocks were cut with a diamond knife on a Leica UltracutE. Ultra-thin (∼70 nm) sections were collected on uncoated 200 mesh grids. Unstained sections were viewed with a TecnaiSpiritBT Transmission Electron Microscope (FEI) at 80 KV and images were taken with Gatan 895 ULTRASCAN Digital Camera.

Blood glucose measurements {#s4-7}
--------------------------

Blood glucose tests were performed on mice that had been fasted for 24 hr beginning at the onset of the dark cycle. The following day mice were given an intraperitoneal injection of an aqueous solution of 10% glucose (10 ml/Kg body weight) and blood glucose was measured from the tail vein at 0 and 10 min using an Ascensia Elite XL glucometer (Bayer Health-Care, Tarrytown, NY).

Conditioning to post-ingestive rewarding effects of sucrose, in the absence of taste {#s4-8}
------------------------------------------------------------------------------------

Once acclimated to the behavioral chamber, sweet blind *Trpm5*^**−/−**^ mice were resented with one bottle containing sucrose or sucralose. The drinking behavior is quantified by monitoring licks with contact lickometers (MedAssociates) and the number of licks for each bottle was used to calculate the preference ratio for sucrose, as in [@bib7]. To verify whether *Trpm5*^**−/−**^ mice with dysfunctional MCH neurons could detect the post-ingestive effects of sucrose, we adapted a conditioning protocol as in [@bib5], that allows the animal to manifest taste-independent preferences (scheme in [Figure 5](#fig5){ref-type="fig"}). All experiments were conducted with naive animals under a 16--23 hr water deprivation schedule. Animals were conditioned for 4 days with daily 30 min sessions of free access to either 1.5 mM sucralose or 0.4 M sucrose in one-bottle forced-choice training sessions. Either solution was presented on the opposite sides of the chamber on intercalated days. After training, on the 5th day, side bias was tested in 10-min two-bottle water versus water tests. This procedure was executed in *Trpm5*^**−/−**^ mice with ablated MCH neurons and control *Trpm5*^**−/−**^ mice with normal MCH neurons.

Funding Information
===================

This paper was supported by the following grants:

-   JPB Foundation to Jeffrey M Friedman.

-   Klarman Family Foundation for Eating Disorders to Ana I Domingos, Aylesse Sordillo, Jake Vaynshteyn, Jeffrey M Friedman.

-   The Rockefeller Foundation to Ana I Domingos, Mats I Ekstrand, Jeffrey M Friedman.

-   Science and Technology Foundation- Portugal to Ana I Domingos.

-   CNPq--Brazil to Marcelo O Dietrich.

-   National Institutes of Health DC009997, DK085579 to Ivan E de Araujo.

-   National Institutes of Health DP1 DK006850 to Tamas L Horvath.

We thank Charles Zuker for providing the *Trpm5*^−/−^ mouse line. We thank the JPB Foundation, The Klarman Family Foundation for Eating Disorders, The Rockefeller Foundation, CNPq (Brazil), and NIH for supporting this research.

Additional information
======================

The authors declare that no competing interests exist.

AID, Conception and design, Acquisition of data, Analysis and interpretation of data, Drafting or revising the article, Contributed unpublished essential data or reagents.

AS, Acquisition of data, Analysis and interpretation of data, Drafting or revising the article.

MOD, Acquisition of data, Analysis and interpretation of data, Drafting or revising the article.

Z-WL, Acquisition of data, Analysis and interpretation of data, Drafting or revising the article.

LAT, Acquisition of data, Analysis and interpretation of data, Drafting or revising the article.

JV, Acquisition of data, Analysis and interpretation of data, Drafting or revising the article.

JGF, Acquisition of data, Analysis and interpretation of data, Drafting or revising the article.

MIE, Analysis and interpretation of data, Drafting or revising the article, Contributed unpublished essential data or reagents.

TLH, Conception and design, Analysis and interpretation of data, Drafting or revising the article.

IEA, Conception and design, Analysis and interpretation of data, Drafting or revising the article.

JMF, Conception and design, Analysis and interpretation of data, Drafting or revising the article.

Animal experimentation: All procedures were carried out in accordance with the National Institutes of Health Guidelines on the Care and Use of Animals and approved by the Rockefeller University Institutional Animal Care and Use Committee (Protocols \#13608, \#10005 and \#09012).

10.7554/eLife.01462.018

Decision letter

Nathans

Jeremy

Reviewing editor

Howard Hughes Medical Institute, Johns Hopkins University School of Medicine

,

United States
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Thank you for sending your work entitled "Hypothalamic MCH neurons convey the nutrient value of sugar" for consideration at *eLife*. Your article has been favorably evaluated by a Senior editor, a Reviewing editor, and 3 reviewers, one of whom, Seth Blackshaw, has agreed to reveal his identity.

The Reviewing editor and the reviewers discussed their comments before we reached this decision, and the Reviewing editor has assembled the following comments to help you prepare a revised submission.

This is an elegant and important piece of work, and the manuscript is well constructed and written. It convincingly establishes that the activation of MCH neurons is both necessary and sufficient for the post-ingestive hedonic effects of sucrose. Specifically, the authors start with the paradigm that glucose-containing sugars, such as sucrose, are generally preferred to artificial sweeteners and that the molecular underpinnings of that phenomenon are largely represented by post-ingestive striatal dopamine release. The authors uncover what appears to be the backbone of the neurocircuitry that is responsible for that mechanism. Using optogenetic activation as well as genetically targeted ablation in mice, Domingos and colleagues prove convincingly that neurons identified by production of the neuropeptide MCH are responsible for the differential reward value of sucrose versus sucralose. In addition, they show that MCH neurons indeed project to brain areas involved in reward control and that MCH neurons are required for detection of reward value in mice where sweet perception has been deleted by gene disruption of the TRPM5 receptor. The data are convincing and of high quality.

Substantive concerns:

1\) The main target of MCH neuron action in regulating sucrose vs sucralose preference are unclear, as all photostimulation in the study was directly applied to MCH neuronal cell bodies in the LH. The data in [Figure 3](#fig3){ref-type="fig"} demonstrate that MCH efferents are found in proximity to TH-expressing cells in the striatum and midbrain, but only in the VTA are MCH axons and TH-positive cell bodies really intermingled. Since it is also known that MCH neurons project directly to orexinergic neurons, which in turn regulate activity of mesolimbic dopaminergic neurons, this raises the possibility that indirect effects of MCH activity may control sugar preference. Have the authors tried applying photostimulation directly to the VTA, and does it produce behavioral effects similar to those seen in LH? Alternatively, have they shown that MCH neuron activation directly stimulates TH-positive neurons in the VTA or other regions in the central reward circuit?

2\) In previous work ([@bib7]), the authors convincingly showed that leptin negatively regulates sucrose vs sucralose preference, while fasting (presumably coupled with reduction in leptin signaling) enhanced this preference. A key unresolved question here is whether these effects of fasting and leptin on sucrose vs sucralose preference require the action of MCH neurons. It would be highly desirable if the investigators addressed this question using the MCH-Cre;R26-lsl-DTR animals described here.

3\) The study does not address whether sucrose vs sucralose preference requires MCH itself. The authors allude to this possibility, noting that *Pmch*^*-/-*^ mice show lower body weight, but this should be easy to test directly, using either genetic or pharmacological approaches. This also addresses the question of whether it is activity of MCH neurons, rather than simply the presence of these cells, that is necessary for sucrose vs sucralose preference. Also, does fructose contribute anything to the "metabolic signal" or is its action simply to increase palatability above that of glucose?
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Author response

*This is an elegant and important piece of work and the manuscript is well constructed and written. It convincingly establishes that the activation of MCH neurons is both necessary and sufficient for the post-ingestive hedonic effects of sucrose. Specifically, the authors start with the paradigm that glucose-containing sugars, such as sucrose, are generally preferred to artificial sweeteners and that the molecular underpinnings of that phenomenon are largely represented by post-ingestive striatal dopamine release. The authors uncover what appears to be the backbone of the neurocircuitry that is responsible for that mechanism. Using optogenetic activation as well as genetically targeted ablation in mice, Domingos and colleagues prove convincingly that neurons identified by production of the neuropeptide MCH are responsible for the differential reward value of sucrose versus sucralose. In addition, they show that MCH neurons indeed project to brain areas involved in reward control and that MCH neurons are required for detection of reward value in mice where sweet perception has been deleted by gene disruption of the TRPM5 receptor. The data are convincing and of high quality*.

We greatly appreciate the editors' and reviewers' enthusiasm for our work as well as Dr Blackshaw's willingness to identify himself. Dr. Blackshaw suggests a series of rational and interesting experiments, but in several instances we believe that they may be outside the scope of this paper. Indeed, as outlined below, the studies that Dr Blackshaw suggests are all part of ongoing efforts to further dissect the neural circuit regulating sucrose and reward.

*1) The main target of MCH neuron action in regulating sucrose vs sucralose preference are unclear, as all photostimulation in the study was directly applied to MCH neuronal cell bodies in the LH. The data in* [*Figure 3*](#fig3){ref-type="fig"} *demonstrate that MCH efferents are found in proximity to TH-expressing cells in the striatum and midbrain, but only in the VTA are MCH axons and TH-positive cell bodies really intermingled. Since it is also known that MCH neurons project directly to orexinergic neurons, which in turn regulate activity of mesolimbic dopaminergic neurons, this raises the possibility that indirect effects of MCH activity may control sugar preference. Have the authors tried applying photostimulation directly to the VTA, and does it produce behavioral effects similar to those seen in LH? Alternatively, have they shown that MCH neuron activation directly stimulates TH-positive neurons in the VTA or other regions in the central reward circuit*?

We show in the paper that MCH activation can increase dopamine release in striatum using microdialysis, thus confirming that these neurons directly or indirectly activate of VTA neurons. In response to Dr Blackshaw's comment, we have also generated new data in [Figure 5--figure supplement 3](#fig5s3){ref-type="fig"} showing that ablation of MCH neurons results in a decreased level of cFos expression in VTA dopamine neurons in response to sucrose ingestion by taste blind TRPM5 knockout mice. These data add further evidence to our conclusion that MCH neurons regulate the activity of DA neurons in the VTA but do not address whether the ability of MCH neurons to activate these neurons is direct or indirect (Dr Blackshaw correctly points out that this could possibly be mediated via orexin neurons or another neural population). This important point is emphasized in the revised Discussion.

*2) In previous work (*[@bib7]*), the authors convincingly showed that leptin negatively regulates sucrose vs sucralose preference, while fasting (presumably coupled with reduction in leptin signaling) enhanced this preference. A key unresolved question here is whether these effects of fasting and leptin on sucrose vs sucralose preference require the action of MCH neurons. It would be highly desirable if the investigators addressed this question using the MCH-Cre;R26-lsl-DTR animals described here*.

The issue of whether leptin alters reward via effects on MCH neurons, or a different neural population(s), is a very important question. We had initially viewed further studies of the precise neural mechanism by which leptin reduces the reward value of sucrose as the subject of a future and comprehensive paper on this topic as the mechanism may or may not involve effects on MCH neurons. In addition, we will have to adopt an alternative strategy to address this question since both MCH neuronal ablation and leptin treatment diminish the reward value of sucrose. Rather, we are planning to assess whether leptin treatment alters the preference of animals for sucralose plus MCH activation vs sucrose. In the revised Discussion, we emphasize the importance of defining the mechanism by which leptin modulates this circuit and because MCH neurons do not express leptin receptor ([@bib16]), we also discuss the possible role of other neural populations in LH.

*3) The study does not address whether sucrose vs sucralose preference requires MCH itself. The authors allude to this possibility, noting that Pmch*^*-/-*^ *mice show lower body weight, but this should be easy to test directly, using either genetic or pharmacological approaches. This also addresses the question of whether it is activity of MCH neurons, rather than simply the presence of these cells, that is necessary for sucrose vs sucralose preference. Also, does fructose contribute anything to the "metabolic signal" or is its action simply to increase palatability above that of glucose*?

We agree that studies of MCH knockout mice will be important as are analyses of mutations of other neurotransmitters expressed in MCH neurons. This point, as highlighted in the revised Discussion, is also the subject of ongoing studies. We used sucrose in our studies because previous papers on this topic used this nutrient and we did not think that repeating these studies using either fructose or glucose alone would influence our conclusions with respect to our demonstration that MCH neurons are critical for sensing the nutrient value of sucrose. Thus it was our view that studies of either monosaccharide alone were outside the scope of this paper as including these data would essentially require that we repeat all of the studies reported in our paper with both of these sugars.

[^1]: Obesity Laboratory, The Gulbenkian Science Institute, Oeiras, Portugal.
